Cu-11 mass% Fe alloy samples were solidified with and without a high magnetic field. The influence of a high magnetic field and cooling rate on the morphology, alignment and distribution of primarily precipitated Fe-rich phase has been investigated. We found that the primary phase of Fe-rich was equiaxed dendrites or columnar dendrites under the combinations effect of magnetic field and initial cooling rate. And Fe-rich primary phase with random alignment was mainly observed in the upper region of the sample solidified without the magnetic field. In the case of the sample solidified with the magnetic field of 7.5 T, however, Fe-rich phase was uniformly distributed and the Fe-rich phase at some areas was aligned parallel to the direction of the magnetic field. Furthermore, slower cooling rate was beneficial to the alignment but was not to the uniform distribution. These phenomena were well discussed from the viewpoint of magnetic shape anisotropy and convection under the high magnetic field.
Introduction
Cu-based alloys are widely utilized as electrically conductive materials because of excellent conductivity of copper. Demand for their high strength is increasing such as for miniaturization of electronics parts and increased tension of overhead wiring for high-speed trains, etc. However, the electric conductivity usually decreases when strength is enhanced by adding additive element or by introducing strain in a forming process. Thus, it is very difficult to produce an excellent conductive material with high strength. In order to solve this contradiction, many researchers have done a number of studies on strengthening of Cu-based alloy. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Composite strengthening [1] [2] [3] [4] [5] [6] [7] can often produce the Cu-based alloys with higher strength than the one which strengthened by alloying methods [8] [9] [10] [11] such as precipitation strengthening, aging strengthening, cold work hardening and so on. Composite strengthening can be classified into artificial composite in which preformed parts are used as reinforcement and in-situ composite in which reinforcement is generated automatically during fabrication. In-situ composite solves the problems of artificial composite such as nonwetting between matrix and reinforcement, interface contamination, chemical reactions and so on. Thus, it is a promising strengthening method. For example, Cu-Ta, 4) Cu-Nb 4, 5) alloys fabricated as in situ composite (also called deformation-processed composite) have excellent properties of over 1 400 MPa strength and 90% IACS electrical conductivity. In addition, directional solidification [12] [13] [14] has been developed as a new method of in situ composite fabricating in recent years in which fibrous reinforcement is aligned in matrix.
On the other hand, materials process under a high magnetic field has attracted a greater concern from researchers [15] [16] [17] [18] [19] [20] because more than 2 T of magnetic flux density is attainable under the development of superconducting technology. It is one of the applications to control the distribution and alignment of a primary phase in matrix. For example, Mikelson and Karklin 21) found primary dendrites of Cd-Zn alloy, and primary crystals of Bi-Cd alloy are aligned with their longer axis along the direction of the magnetic field during solidification. For the tabular Al 3 Ni in Al-10 mass% Ni alloy, the planes of the platelets were aligned in a magnetic field. 21) Sassa et al. 22) reported fibrous primary phase of MnBi aligned in the direction of magnetic field in Bi-4 mass% Mn alloy during solidification. Liu et al. 23) observed aligned primary MnSb dendrites in solidified structure of Mn-89.7 mass% Sb alloy under high magnetic fields. Taking the primary phases as reinforcements, thus, a high magnetic field is suitable for in-situ fabrication of a composite material. However, the influence of high magnetic fields on solidified microstructure is not clearly now.
Among the Cu-based composites, Cu-Fe system can serve as a good candidate of conductive materials because iron is low cost and is excellent in mechanical property. For constructing a composite structure in Cu-Fe alloy, this study attempted to apply a high magnetic field on Cu-11 mass% Fe alloy during its solidification. It is investigated that the influence of the field and cooling rate on morphology, dis-ISIJ International, Vol. 51 (2011), No. 11 tribution and alignment behavior of Fe-rich primary phase precipitated in Cu-rich phase.
Experimental
With respect to the preparation of samples, we mixed pure Fe (3N) and pure Cu (4N) with mass ratio of 11:89 and melted by an induction furnace under a vacuum atmosphere firstly, then poured the melt into a stainless steel mold with a radius of 30 mm. Then for homogenization of chemical composition, we heated the ingot from room temperature up to 1 023 K for 40 min and forged as a rod with a radius of 6.5 mm. Cylindrical samples with 22 mm length were cut from this rod. The chemical component of copper in the alloy was confirmed as 11 mass% by a chemical test. Figure 1 shows the schematic view of experimental appratus. Each cylindrical sample was put into an alumina crucible and was set in the center of a superconducting magnet bore, where a vertical magnetic field of 7.5 T without gradient can be excited. A high frequency heating coil was employed to control temperature and cooling rate by adjusting the input power. To prevent the sample oxidation, Ar gas was injected through the pipe set above the sample. According to a part of Cu-Fe phase diagram shown in Fig. 2 , the liquidus temperature of Cu-11 mass% Fe alloy is about 1 613 K. Thus, each sample was heated up to 1 693 K and was kept at this temperature for at least 15 minutes. We reduced the input power of the high frequency heating coil in order to let the sample cool down in a certain rate by manual operation. For investigating the effects of cooling rate on alignment of primary phase, three initial cooling rates of 5, 15, 30 K/min from 1 693 K till 1 423 K were adopted. The solid phase ratio of each sample reached 8% at 1 423 K. High frequency heating coil was turned off when the temperature of each sample was cooled down to 1 423 K. The 1 423 k is chosen because the crystal can move freely at this temperature and the alignment of a crystal will not be interfered by crystals around it. The details of experimental condition are shown in Table 1 . Solidification time in this table is defined as the time from melting point to 1 423 K. Figure  3 shows the recorded temperature curve of sample I, in which a plateau temperature region observed about 1 373 K. Figure 3 shows the recorded temperature curve of sample I, in which a plateau temperature region observed about 1 373 K. The plateau temperature is smaller than peritectic temperature in Cu-Fe phase diagram. Two reasons are considered. Firstly, because of the large heat emission caused by fast cooling rate, transformation is delayed and recuperation will not occur. Secondly, the copper in liquid become rich when the sample was cooled down to 1 423 K, the liquid phase is kept under the peritectic temperature.
After the solidification, each sample was cut into two pieces with longitudinal cross-section and then mechanically polished and buff-finished with 5 μm Al2O3 particles to obtain a mirror surface. The solidified structures of the samples were observed using an optical camera and a scanning electron microscopy (Keyence VE-7800). 
Results
Figures 4 and 5 show the macro and micro-structures of the samples I (0 T, 15 K/min) and II (7.5 T, 15 K/min) solidified with and without the high magnetic field. In these photos, bright areas are Cu-rich phase while dark areas are Ferich phase. A sector shape lack in the vicinity of the bottom in the sample I is a trace of the sample cutting. A black hole located at the left side of the macrostructure in the sample II is shrinkage cavity. The Fe-rich phase precipitated as equiaxed dendrites and columnar dendrites in the sample I and II, respectively. The Fe-rich dendrites concentrated at the upper region in the sample I solidified without the magnetic field, and their direction was random. When the magnetic field of 7.5 T was imposed, the distribution of the Fe-rich dendrites became uniform and the trunks of the Ferich dendrites were longer than that solidified without the magnetic field. Actually, the maximum trunk of dendrites was around 100 μm in the sample I while that in the sample II was about 1 mm. Furthermore, the Fe-rich dendrites aligned in the direction of the imposed magnetic field in some areas, especially in the bottom of the sample.
The macro-and micro-structures of the samples III (7.5 T, 5 K/min) and IV (7.5 T, 30 K/min) solidified under different cooling rate are shown in Figs. 6 and 7. The Fe-rich phase precipitated as columnar dendrites and equiaxed dendrites in the sample III and IV, respectively. It can be seen that distribution of the Fe-rich dendrites and their alignment depends on the cooling rate. Actually, the fast initial cooling rate of 30 K/min made the distribution of the Fe-rich dendrites uniform and no alignment of the dendrites is observed as shown in Fig. 7 . On the other hand, the Fe-rich dendrites distributed non-uniformly in the sample III whose initial cooling rate was 5 K/min as shown in Fig. 6 . In addition, the Fe-rich dendrites which gathered in the upper of the sample aligned in the direction of the magnetic field while the alignment can not be observed in some areas in the macro-structure. Therefore, we can draw the conclusion that higher cooling rate makes more uniform distribution of the Fe-rich dendrites and slower cooling rate increase its alignment parallel to the direction of the magnetic field.
Discussions

Effect of Magnetization Energy on the Alignment
of Fe-rich Dendrites Fe-rich phase in high temperature region (>1 369 K) has a fcc crystallographic structure. Thus, it shows isotropic nature in magnetic susceptibility. Alignment of the Fe-rich dendrites may owe to the magnetic shape anisotropy. The magnetization energies under the conditions that long axis of the precipitated Fe-rich phase is perpendicular or parallel to the imposed magnetic field can be expressed as follows: 24) ............ (1) where Hex is strength of imposed magnetic field, N is demagnetization factor, U is magnetization energy, μ0 is magnetic permeability in vacuum (4π×10 -7 H/m) and χ is magnetic susceptibility, respectively. The subscripts of 'p' and 'm' stand for the primary phase and melt, respectively, and those of '//' and '⊥' stand for the state of Fe-rich dendrite whose long axis is parallel and perpendicular to the direction of the magnetic field, respectively.
In this study, the magnetic susceptibility of χp and χm are much smaller than unity, thus, the difference between U⊥ and is derived as Eq. (3).
Since the major composition of the melt is Cu, it is reasonable to adopt the magnetic susceptibility of the melt as that of liquid copper, χm = χCu(l) = -9.8×10 
... (4)
As the result, the long axis direction of Fe-rich dendrites must be parallel to the direction of the imposed magnetic field.
Furthermore, the magnetization energy should be larger than thermal disturbance, kBT, 27) for the alignment of the primary precipitated phase. This condition can be described as following:
........... (5) where kB is Boltzmann constant (=1.38×10 -23 J/K), T is absolute temperature, and V is volume, respectively.
According to Eq. (5), critical radius of a spherical primary phase should be 10 -7 m at 1 423 K under the application of the magnetic field of 7.5 T. This is smaller than the width of the dendrites observed in this experiment which was in the order of 10 -4 or 10 -5 m. Therefore, the primary Fe-rich dendrites can align parallel to the direction of the magnetic field by magnetic shape anisotropy.
Effect of a High Magnetic Field on Fluid Flow
Intensity and distribution of fluid flow must significantly affect motion of the primary phase. Rayleigh number defined by Eq. (6) is helpful to evaluate the intensity of convection induced by non-uniform temperature distribution in the melt. (6) where g is acceleration of gravity, L is characteristic length, α is thermal diffusivity, β is coefficient of volume expansion, ρ is density of the melt, ΔT is temperature difference in the melt, η is viscosity, respectively. For infinite horizontal plane, critical Rayleigh number is 1708 when both upper and lower boundaries are non-slip, while it is 1101 when one is non-slip and the other is slip. 28) It is reasonable to suggest that critical Raleigh number decrease when the boundary changes from non-slip state to slip state. The critical Rayleigh number for excitation of fluid motion is 6800 in a cubic box of which the upper and lower boundaries are nonslip. 29) According to the result of infinite horizontal plane, the critical Raleigh number decreases in our experiments because the upper boundary is slip. Even though the critical Raleigh number decreases by 3400, a temperature gradient of 5 K/mm along longitudinal direction and 10 K/mm along transverse direction in the melt is required for thermal convection in these experiments. On the other hand, if a high magnetic field is imposed, the critical Rayleigh number is expected to increase. However, temperature gradient in these experiments must be small. If temperature gradient is large, many dendrites which grow from crucible wall towards inside will be observed in the solidified microstructure. In fact, almost no such columnar dendrites are observed in the microstructure of samples. Whereas, equiaxed dendrites are observed in sample IV, which the temperature gradient is largest since the convection in it is weakest comparing with other samples solidified under a 7.5 T high magnetic field. Therefore, it is reasonable to suggest that the temperature gradient in liquid phase in these experiments is small. Thus thermal convection can be neglected.
In order to evaluate fluid flow excited by electromagnetic pressure, we calculated the shielding parameter, Rω, which is defined as Eq. (7) where r is radius of the sample, σ is electric conductivity, μ is magnetic permeability, ω is the angular frequency of AC current flowing in the heating coil. The shielding parameter in this experiment ranged between 188 and 359. Because the shielding parameter was much larger than unity, fluid flow was induced by the non-uniform distribution of the electromagnetic pressure acting on the melt as shown in Fig. 8 . The fluid flow is inward around middle height of the melt because of relatively high electromagnetic pressure while it is outward around the top and bottom. This induced flow might disturb the alignment of the Fe-rich primary phase. The flow velocity, Vc, near the center axis of the sample can be expressed as Eq. (8) (8) where B0 is the amplitude of AC magnetic flux density, h is height of the sample. The calculated velocity and corresponding Reynolds number in this study are about 6×10 -2 m/s and 1 050 at 1 423 K.
According to the theoretical analysis mentioned above, we can conclude that the fluid flow in this study must be induced by the non-uniform distribution of the electromagnetic pressure but not by the temperature difference.
When a strong static magnetic field is applied, the fluid Here, B is intensity of a static magnetic flux density. The Hartmann number for the fluid flow in the crucible was calculated at about 6 400 under the imposition of the magnetic field of 7.5 T. Thus, the electromagnetic force must act as breaking force of the fluid motion in this condition. Even though the experimental system in this study is different from the Hartmann flow, the fluid motion must be strongly suppressed by the static magnetic field imposition in this experiment because the velocity is inversely proportional to the Hartmann number 31) in the case of the Hartmann flow. Furthermore, the regions 1 and 2 shown in Fig. 8 must be stagnation region. Consequently, the aligned Fe-rich phase is observed in these two areas frequently.
Effect of a High Magnetic Field on Rising Velocity
of Fe-rich Phase When the Fe-rich phase precipitates in the melt, it floats up as its density is smaller than the surrounding melt. The rising velocity of the Fe-rich phase immediately reaches a stable value by balancing forces acting on it. Assuming the Fe-rich phase is a sphere with a radius of r, its rising velocity in the case without the magnetic field can be expressed as follows: (10) where, Vp, Δρ, are rising velocity of the Fe-rich phase without the magnetic field, density difference between the Ferich phase and the melt, respectively.
The Hartmann number for the Fe-rich phase motion with a spherical shape is unity when its radius is 2.7×10 -6 m. On the other hand, the observed widths of the Fe-rich dendrites in this experiment are in the order of 10 -5 -10 -4 m as mentioned above. Thus, the Lorentz force must affect the ascent of the Fe-rich phase, and the rising velocity with a magnetic field, , is expressed as Eq. (11) 32) ..... (11) The rising velocity with the magnetic field is always smaller than that without the magnetic field ( < V p ). The rising velocity of the Fe-rich primary sphere and the traveling time of 17 mm which corresponds to the sample height were calculated using Eqs. (10) and (11) under the conditions with and without the magnetic field of 7.5 T. Table 2 shows the calculated results for a sphere with a radius of 10 μm. The superscript 'm' in Table 2 indicates the condition with the magnetic field. It takes 21.5 minutes for floating up to the surface for the Fe-rich primary sphere with a 10 μm radius in the case with the magnetic field. This is longer than the solidification time of the experiment II (7.5 T, 15 K/min) of 13 min. On the contrary, the floating up time of 9.4 min without the magnetic field is shorter than the solidification time of the experiment I (0 T, 15 K/min) of 12 min. Thus, the Fe-rich primary phase uniformly distributes only under the imposition of the magnetic field.
With regard to the effect of initial cooling rate, slower initial cooling rate provides enough time for the floating up of the Fe-rich primary phase. Hence the Fe-rich primary phase concentrated at the top of sample III. On the contrary, if the initial cooling rate is fast, the precipitated primary phase almost can not move in the melt (sample IV), and then the distribution of Fe-rich phase is comparatively uniform. For sample II, III and IV, they are solidified under 7.5 T high magnetic field and they are different in initial cooling rates. The cooling rate is controlled by adjusting input power of a high frequency heating coil. Namely, for sample IV, of which the cooling rate is the highest with a smallest input power of a high frequency heating coil, so the convection in sample IV is the weakest. Thus, it is reasonable to suppose that small dendrites are precipitated in the phase of initial solidification. The dendrites are hardly divided and grow isotropically. Even though dendrites grow very large, they grow isotropically with the influence of high magnetic field. Therefore, the alignment of primary phase in sample IV does not occur under magnetic field. On the other hand, for sample III, of which the cooling rate is the slowest, the convection is most intense comparing with other samples solidified under a 7.5 T high magnetic field. The dendrite is divided into anisotropic dendrites. Then, the alignment of dendrites has been observed in the stagnation area without the influence of flow. In addition, based on the analysis above, it is known that 15 K/min is optimum for alignment and distribution of primary phase in comparison with 5 K/min and 30 K/min. 
Conclusions
The effects of a magnetic field and cooling rate on solidified structure of a Cu-11 mass% Fe alloy have been investigated. The morphology of Fe-rich primary phase was equiaxed dendrites or columnar dendrites which determined by the combination effect of high magnetic field and initial cooling rate. The Fe-rich primary dendrites aligned parallel to the direction of the magnetic field and was uniformly distributed in the sample solidified with the 7.5 T magnetic field. In addition, higher cooling rate was beneficial to the uniform distribution of Fe-rich phase. By contrast, slower cooling rate favored the alignment of Fe-rich phase. According to the experimental results, composite structure in CuFe alloy can be constructed by means of high magnetic field.
